Abstract We investigated the relationship between clonality and virulence factors (VFs) of a collection of Escherichia coli strains isolated from septicaemic and uroseptic patients with respect to their origin of translocation. Forty septicaemic and 30 uroseptic strains of E. coli were tested for their phylogenetic groupings, genetic relatedness using randomly amplified polymorphic DNA (RAPD), biochemical fingerprinting method (biochemical phenotypes [BPTs]), adherence to HT-29 cells and the presence of 56 E. coli VF genes. Strains belonging to phylogenetic groups B2 and D constituted 93% of all strains. Fifty-four (77%) strains belonged to two major BPT/RAPD clusters (A and B), with cluster A carrying significantly (P=0.0099) more uroseptic strains. The degree of adhesion to HT-29 cells of uroseptic strains was significantly (P=0.0012) greater than that of septicaemic strains. Of the 56 VF genes tested, pap genes was the only group that were found significantly (P<0.0001) more often among uroseptic isolates. Phylogenetic group B2 contained a significantly higher number of strains carrying pap genes than those in group D. We conclude that uroseptic E. coli are clonally different from septicaemic strains, carry more pap genes and predominantly adhere more to the HT-29 cell model of the gut.
Introduction
Escherichia coli is associated with intestinal and extraintestinal diseases in both humans and animals [1, 2] and is one of the most common Gram-negative blood culture isolates in hospitalised patients [3] . Disturbance of the gut ecosystem following trauma or physiological and/or nutritional stress is frequently associated with impairment of the intestinal epithelial barrier and the translocation of lumen bacteria into the bloodstream [4, 5] . The gastrointestinal (GI) tract is commonly accepted as an endogenous source for bacterial translocation [4, 6, 7] ; however, other sources such as the urinary tract, bile ducts or intravascular line colonisation may also be implicated [8, 9] . For translocation to occur, the bacteria must adhere to the host epithelium, cross this barrier and survive the host tissue immune defences [10] . The precise mechanism of translocation and bacterial strategies used to survive the host immune system has not been fully elucidated.
A number of virulence factor genes associated with E. coli causing both intestinal and extraintestinal disease have been identified. These fall into five main categories of Electronic supplementary material The online version of this article (doi:10.1007/s10096-009-0809-2) contains supplementary material, which is available to authorized users.
virulence factors, including adhesins, toxins, invasins, iron sequestration and capsular synthesis [11] . Other virulenceassociated determinants implicated in disease include cell surface hydrophobicity [12] , colicins [13, 14] , a complete lipopolysaccharide layer [15] and O serogroups [16, 17] .
Bacterial translocation studies have indicated that certain strains of E. coli belonging to the normal flora of humans [3, 16, [18] [19] [20] and animals [21, 22] have a better ability to translocate than other members of the normal flora. These strains have been shown in challenge studies to be highly efficient translocators [19, 23] . However, the phylogenetic groupings of these strains have not been identified in translocation studies. According to phylogenetic grouping, E. coli strains can belong to four main groups (A, B1, B2 and D), with virulent extraintestinal strains mainly belonging to group B2 and, to a lesser extent, to group D [24] . The aims of this study were to investigate the virulence factor (VF) genes, the prevalence of different phylogenetic groups, as well as the possible genetic relatedness of E. coli strains isolated from septicaemic patients with and without urinary tract infection.
Materials and methods

Strains
Between January 2000 and March 2001, 143 E. coli strains were isolated from the blood and/or urine cultures of different patients admitted to a large tertiary referral hospital in Southeast Queensland, Australia. Of these, 70 strains were selected for further investigation based on the clinical profiles of the patient that made it possible to distinguish those who had septicaemia with urinary tract infection (UTI) (n=30) (termed uroseptic) or septicaemia only (n=40) (termed septicaemic). A negative urine culture from patients with septicaemia only confirmed the absence of UTI. E. coli strains from uroseptic patients were isolated in pure (n=27) or mixed (n=3) culture with other Gramnegative bacteria from urine. All strains were confirmed as E. coli with polymerase chain reaction (PCR) using a primer set coding for the highly specific E. coli universal stress protein A (uspA) gene (F 5′-CCG ATA CGC TGC CAA TCA GT-3′ and R 5′-ACG CAG ACC GTA GGC CAG AT-3′) [25] . PCR amplification of the uspA gene involved denaturation at 95°C for 5 min, 30 cycles of denaturation at 94°C for 30 s, annealing at 56°C for 30 s and extension at 72°C for 30 s and one final extension cycle at 72°C for 5 min. Comparison of E. coli strains from the blood and urine of the septicaemic patients with UTI, using a biochemical fingerprinting method (see below), showed that all of them were identical and, for that reason, only blood isolates from these patients were chosen for further testing. All strains were stored in brain-heart infusion broth (Oxoid, United Kingdom) containing 50% glycerol at −80°C, from which working cultures were prepared for further analysis.
Biochemical fingerprinting
The biochemical fingerprints of all strains were determined using the PhPlate system (PhPlate AB, Stockholm, Sweden), specifically developed for the typing of E. coli strains (PhP-RE) [26, 27] . This method yields a biochemical fingerprint for each isolate made up of several quantitative data, which can be used to create a dendrogram according to unweighted pair group method with arithmetic mean (UPGMA) cluster analysis [28] . An identity level of 0.965 was used based on the reproducibility of the system after testing ten strains in duplicate as described previously [27] .
Strains showing similarity to each other above this level were regarded as identical and were assigned to the same biochemical phenotypes (BPTs). BPTs with more than one strain were designated common (C) and BPTs with only one strain were designated single (S). C-or S-BPTs showing a high similarity to another C-BPT were regarded as a sub-type of that C-BPT and were given the same designation letter of that C-BPT with an additional letter a. For instance, if a C-BPT containing two strains showed a high similarity to another C-BPT (e.g. C-BPT1 containing six strains), it was named as C-BPT1a. All calculations and handling of data, including optical readings, were performed using the PhPlate software (PhPlate AB, Stockholm, Sweden).
Randomly amplified polymorphic DNA analysis All strains were typed by randomly amplified polymorphic DNA (RAPD) analysis adapted from Corney et al. [29] . The DNA was extracted by boiling. All PCRs consisted of a denaturation cycle of 94°C for 5 min, followed by ten cycles of 94°C for 1 min, 40°C for 1 min, 72°C for 1 min; 22 cycles of 94°C for 1 min, 55°C for 1 min, 72°C for 1 min; and one cycle of 72°C for 4 min. The reaction mixture contained 24.25 μl sterile milliQ water, 5 μl 10× reaction buffer II (Applied Biosystems, USA), 8 μl MgCl 2 (25 mM) (Applied Biosystems), 0.5 μl deoxynucleoside triphosphates (dNTPs) (20 mM) (Pharmacia Biotech, USA), 0.25 μl AmpliTaq polymerase (Applied Biosystems), 10 μl primer (10 pmol/μl) (Geneworks, Australia) and 2 μl DNA. This resulted in a total reaction volume of 50 μl. Two primers were selected and used: primer KG (5-ACACGCACACG GAAGAA-3′) and primer PB1 (5′-GCGCTGGCTCAG-3′). Gel electrophoresis of PCR products was performed in a 2% agarose gel (Progen, Australia) at 100 V for 100 min. Molecular weight markers (100 bp and 1 kb) (Promega, USA) were used in all of the experiments. Gels were stained with ethidium bromide and visualised with the Biorad XRS ChemiImager. The banding pattern of all isolates were compared visually and divided into similarity groups and named as an RAPD type. Each RAPD type was designated with a letter indicating common (c; more than one isolate per type) or single (s; only one isolate) RAPD type.
Cell culture and adhesion assays All strains, grown at 37°C in Luria-Bertani (LB) broth (Oxoid) for 4 h with agitation at 100 rpm, were tested for their ability to adhere to the HT-29 (ATCC HTB 38) human adenocarcinoma cell line. HT-29 cells have been used previously to model the human gut epithelium and bacterial interaction [30] [31] [32] . Colonisation and adhesion by pathogenic bacteria to the gut mucosa has been identified as the first stage of infection [10] . Cells were maintained in Roswell Park Memorial Institute (RPMI) 1640 media (with 25 mM HEPES and L-glutamine) (Gibco, USA), supplemented with 10% foetal bovine serum (Gibco). For the adhesion assay, cells were grown on sterile cover slips in 24-well microplates (Nunc, Denmark) to semi-confluence. A sample of 10 8 bacteria was added to wells containing cells with RPMI only and incubated for 90 min. Cells were washed three times with phosphate-buffered saline to remove non-adhered bacteria, fixed with 95% ethanol for 10 min and allowed to air dry. Wright's stain was used to enable the visualisation of adhesion of bacterial cells by light microscopy. The number of bacteria of each strain attached to up to 100 randomly selected HT-29 cells was counted in duplicate assays and the mean and standard deviation was calculated. E. coli HMLN-1 isolated from the mesenteric lymph nodes of a patient with fatal haemorrhagic pancreatitis and found to be capable of adhering to and translocating in animals with a high degree of efficiency [19] was used as the positive control and an E. coli K12 strain (JM109) served as the negative control. All assays were performed in duplicate.
Detection of virulence factor genes
E. coli strains were tested for the presence of 56 VF genes known to be associated with extraintestinal and intestinal E. coli infection using a series of ten (i.e. primer set numbers 1-10) multiplex and four (i.e. primer set numbers 11-14) uniplex PCR primer sets as previously described [33] . The identified functions of virulence factor genes, primer sets, sequences and concentrations can be found in Table S1 of the supplemental material. The genes tested for included adhesin genes afa/draBC, aah (orfA a ), aidA (orfB), aidA AIDA c (orfB c ), bmaE, faeG, fanC, fimH, focG, iha, nfaE, paa, papA, papC, papEF, papG allele II, papG allele III, sfa/focDE and sfaS; toxin genes cdt, cdtB, CNF1, univcnf, cvaC, EAST1, eltA, estI, estII and hlyA; capsule synthesis genes kpsMT II, kpsMT III, kpsMT K1, kpsMT "K5" and rfc; siderophore genes fyuA, ireA, iroN E. coli and iutA; invasin genes ibeA, ipaH and other VF genes such as chuA, iss, ompT, PAI, TSPE4.C2, traT and yjaA. Primer set 10 enabled phylogenetic the grouping of strains as previously described [24] . For primer sets 1-14, DNA was extracted by the salting out method [34] . Positive controls used were as described by Chapman et al. [33] with sterile milliQ water serving as the negative control. PCR amplification conditions can be found in Table S2 of the supplemental material.
A further nine uniplex PCRs for genes coding for eaeA, EAgg, Einv, CNF2, VT1, VT2, VT2e, O111 LPS and O157 LPS side chain (see Table S1 ) were also performed. PCR for the genes eaeA, EAgg, Einv, VT1 and, VT2 were performed as previously described [35] , whereas PCR for O157 and O111 side-chain LPS was performed according to Paton and Paton [36] . The xanthogenate DNA extraction method developed by Tillett and Neilan [37] was used to extract DNA for these. The amplification conditions are listed in Table S2 of the supplemental material. All tests were performed in duplicate.
Statistical analysis
Fisher's exact test was used to compare the significance of difference when comparing the prevalence of genes in the septicaemic and uroseptic groups, the prevalence of strains among different phylogenetic groups and the prevalence of septicaemic and uroseptic strains and their virulence factor genes among BPT/RAPD clusters. The degree of adhesion of all strains was compared using an unpaired t-test with Welch correction.
Results
Biochemical fingerprinting and RAPD analysis
Biochemical fingerprinting yielded 11 common (C) and 20 single (S) BPTs.
The 11 C-BPTs contained between 2 and 11 strains, comprising 71% (n=50) of the total 70 strains (Fig. 1) . Ten out of the 11 C-BPTs belonged to two bigger clusters, named A and B, which contained 33 (47%) and 20 (29%) of the strains, respectively. A third cluster, named cluster C, contained only one C-BPT (four strains) and nine (13%) non-related S-BPTs (Fig. 1) .
The results of the RAPD analysis for both primer sets showed 100% agreement with one another and, for this reason, we are presenting the results obtained from one primer set only (i.e. PB1 primer). Using this typing method, all strains could be divided into 11 common and 20 single RAPD types. The common RAPD types contained between 2 and 11 strains, comprising 71% of all strains tested (Fig. 1) . Comparison of the RAPD types with biochemical fingerprint of the isolates showed that strains belonging to common BPTs also had identical RAPD patterns, except for 11 strains. These 11 strains showed minor differences in their BPTs. For instance, eight strains belonging to BPT C2 were divided into two highly similar BPTs (i.e. C2 and C2a), while they all had identical RAPD types. Similarly, three strains belonging to BPT C10 (two strains) and C10a (one strain) also had an identical RAPD pattern (Fig. 1 ).
Adhesion to cell monolayers
All strains in both groups showed adhesion in a diffuse manner. The number of adhering bacteria for up to 100 randomly selected HT-29 cells was counted for each strain in duplicate. In all, 7,798 cells in the septicaemic group and 5,900 cells in the uroseptic group were counted for the number of adhering bacteria. Using the unpaired t-test with Welch correction, the results indicated that the degree of adhesion among uroseptic strains (2.90± 3.12 bacteria/cell) was significantly (P=0.0012) higher than that of septicaemic strains (2.73±2.92 bacteria/cell). The degree of adhesion of the positive control (i.e. HMLN-1) and negative control (i.e. JM109) was 2.64± 1.64 and 1.15±0.58 bacteria/cell, respectively.
Prevalence of virulence factor genes
Of the 56 VF genes investigated, a number were not carried by any strains, irrespective of their septicaemic origin or phylogenetic groups. These included aidA (orfB), cdt, cdtB, eaeA, EAgg, Einv, eltA, estI, estII, fanC, ipaH, VT1, VT2, VT2e O111 LPS and O157 LPS side-chain genes. Two adhesin genes, bmaE and fimH, were found to be the most highly prevalent among all strains (99% and 89%, respectively). Ten genes were prevalent in >50% of strains, and included fyuA (83%), iutA (76%), kpsMT II (76%), PAI (63%), papAH (53%), papC (57%), papEF (54%), papG allele III (80%), ompT (50%) and traT (63%). Other genes were found in 20-50% of strains, and included hlyA (29%), iha (26%), iroN E. coli (39%), iss (20%), ireA (24%), kpsMT K1 (34%), kpsMT K5 (34%), papG allele II (40%) and sfa/ focDE (27%). The remaining genes were only found in a small proportion of strains ranging between 1% (i.e. paa and CNF2) to 17% (i.e. CNF1).
Uroseptic strains were found to carry significantly (P<0.0001) more of any of the pap genes (except papG allele III) than strains from patients with septicaemia only (Table 1) . Similarly, strains that carried all pap genes together were also significantly more prevalent in the uroseptic group (Table 1 ). Table 1 also shows the prevalence of strains carrying combinations of several VF genes together among the two groups of strains tested. No genes were found to be more prevalent in septicaemic strains over uroseptic strains.
Phylogenetic grouping
Whilst all four phylogenetic groups were represented in the 70 strains, those belonging to group B2 (n=49) were significantly (P<0.0001) more prevalent than all other groups. Sixteen strains belonged to group D, four belonged to group A and one to group B1. However, their distribution was not significantly different between the septicaemic and uroseptic groups (Table 2) . Additionally, several genes were more predominantly carried by phylogenetic group B2 strains compared to group D, A and B1 strains (Table 3 ).
Cluster analysis
Distribution of the VF genes among BPT/RAPD types showed that 54 strains belonged to two major clusters (i.e. A and B) (Fig. 1) . Statistical analysis of the distribution showed that several genes were predominant to one cluster or the other (Table 4 ). There was a significant difference (P= 0.0460) between the number of ibeA gene-positive strains in cluster B than those in cluster A. Contrary to this, the genes kpsMT K1 and kpsMT II were found significantly (P<0.05) more often among strains belonging to cluster A than cluster B. Genes PAI, papAH, papC, papEF, papG allele II and papG allele III were also found to be significantly (P<0.01) more prevalent in cluster A strains. E. coli strains isolated from uroseptic patients were significantly (P=0.0099) more prevalent in cluster A (20 out of 34) than cluster B (4 out of 20) (Table 4) .
Discussion
Both biochemical fingerprinting and RAPD typing indicated that there were common and single types among the strains. S7 S8 S9 S10 S11 S12 S13 S14 S15 S16 S17 S18 S19 S20 Phylogenetic Group
Cluster B
Considering the fact that our strains were collected over 14 months in one hospital, we expected to see the presence of clonal groups of these bacteria in our collection. Occasionally, strains with 95% similarity to a common BPT were identified, but these strains had identical RAPD patterns and were, therefore, considered as a sub-type of that common BPT. This slight difference between the two typing methods could probably be attributed to changes in bacterial characteristics when stored and/or regularly sub-cultured as postulated previously [38] . Nonetheless, the fact that both typing systems identified the presence of certain common clonal strains indicates that septicaemic strains were either members of very few clones that had been spread in the hospital or they constitute strains that have certain abilities which enable them to behave in a similar manner and, therefore, are genetically related to each other. Identification of strains belonging to the same common types with both typing methods also suggests that these methods could replace each other in epidemiological studies where the aim is to measure the relatedness of strains. Septicaemic and uroseptic strains were found in all common types and also in all three major clusters, although the distribution of uroseptic strains among cluster A was significantly (P=0.005) higher than that in cluster B, which mainly contained septicaemic strains. This interesting finding indicates that E. coli strains causing urosepsis are clonally different from those originating from other sources, such as the GI tract.
All strains were positive for VF genes associated with E. coli strains causing intestinal and extraintestinal infection. A high portion of strains were positive for the presence of the bmaE adhesin gene, which codes for M fimbriae. This particular gene has previously been reported to be associated with E. coli strains belonging to phylogenetic group B1 and serotype O8:K27:H- [39] . Therefore, its high incidence in both septicaemic and uroseptic strains may indicate a role for this gene in the translocation of E. coli from the urinary tract, gut or both. The low prevalence or complete absence of toxin genes such as EAST1, cdt, cdtB, eltA, estI, estII and VT1, VT2 suggests that toxin production is not an important virulence property of septicaemic E. coli strains. Such low prevalence of certain toxin genes has also been reported in other studies [11, 39] . Only a small portion of the strains carried CNF1 and CNF2, which are commonly found among Table 1 Individual or groups of genes that were highly prevalent in uroseptic Escherichia coli strains (n=30) than in septicaemic strains (n=40). Fisher's exact test was used to determine the significance of differences Table 3 Prevalence of virulence factor (VF) genes among septicaemic and uroseptic strains of E. coli belonging to phylogenetic group B2 (n= 49) and combined groups D, A and B1 (n=21). Fisher's exact test was used to compare the significance of differences between the groups. Only genes with significant differences are shown E. coli strains causing UTI [13, 40] . Their role in the pathogenesis of septicaemia is still unknown. The ten VF genes that were found in >50% of all strains in this study (i.e. fyuA, iutA, kpsMT II, PAI, papAH, papC, papEF, papG allele III, ompT and traT) have also been found to be highly prevalent in septicaemic and uroseptic E. coli strains by others [11, 39] . Furthermore, this set of VF genes was also found to be more prevalent in strains originating from uroseptic patients [11, 39] . Notably among this group, fyuA and iutA genes, which code for yersiniabactin and aerobactin siderophore receptors, respectively [39] , and two other genes, i.e. ompT (coding for an outer membrane protein) and traT, which codes for surface exclusion protein [11] , have also been shown to be prevalent among piglet's intestinal E. coli strains and are believed to be associated with increased gut colonisation [41] . Based on these results, we postulate that this group of highly prevalent VF genes may, in a similar way, give septicaemic and uroseptic E. coli strains increased colonisation ability over other E. coli strains.
A group of VF genes, all belonging to the pap gene family, were also found to be highly prevalent in strains isolated from uroseptic patients. The pap genes are normally found as an important adhesin factor among E. coli strains causing UTI and are associated with cystitis, pyelonephritis and prostatitis [42] . In view of the fact that strains carrying pap genes were highly prevalent among the uroseptic group, we postulate that the presence of these genes in E. coli strains causing septicaemia may be indicative of their urinary tract origin of translocation. In our study, uroseptic isolates showed a significantly higher degree of adhesion to HT-29 cells, indicating that these strains also have the ability to colonise the gut epithelium and may, therefore, be able to translocate from this site. It has previously been shown that E. coli strains causing UTI originate from the gut microflora [43, 44] . Furthermore, the presence of P fimbriae has also been shown among gut E. coli strains [32, 45] . These findings collectively suggest that pap gene-positive E. coli strains may, in fact, be a subset of the resident strains capable of adhering to the gut epithelium via P fimbriae. If this is the case, it can be concluded that P fimbriated E. coli strains in the gut have not only the ability to colonise the urinary tract and translocate to blood, but are also capable of translocating from the gut under the right conditions. In the present study, however, we found that a lower percentage of septicaemic E. coli carry P fimbriae. In view of this finding, we hypothesise that, although P fimbriae may be potentially involved in the translocation of E. coli by facilitating their adherence to the gut epithelium, they may not be the only VFs involved in the process of adhesion and translocation in the gut. Phylogenetic group B2, associated with virulent E. coli strains capable of causing extraintestinal disease, was the most represented group in both septicaemic groups. This was not surprising considering the blood and urine origin of strains in this study. Furthermore, the finding that several genes were more prevalent among B2 strains has also been previously reported [11, 39, 44, 46, 47] . Bonacorsi et al. [48] found similar trends in the distribution of phylogenetic groups among their collection of strains isolated from uroseptic patients. The high prevalence of B2 strains carrying several virulence factor genes in our study further indicates that septicaemic strains carry virulence genes not commonly found in the strains of non-B2 groups. Interestingly, some of the strains belonging to non-B2 groups showed identical BPT/RAPD patterns to strains belonging to the B2 group (e.g. C-BPT C5, C7 and C8) (Fig. 1) . These strains, however, had fewer virulence factor genes than B2 strains. These strains might have, in fact, arisen from more virulent B2 strains of the same clonal groups, as postulated by others [49] .
The two major clusters, A and B, identified through biochemical fingerprinting, contained 53 strains. Notably, more strains originating from uroseptic patients belonged to cluster A. Interestingly, only strains in this cluster carried multiple pap genes (Table 4) . Strains carrying other genes such as PAI, kpsMT K1 and kpsMT II were also more prevalent in this cluster. The only gene found to be more prevalent in cluster B was the invasin gene, ibeA. It is known that virulence characteristics can be modulated by various environmental stimuli [50] , which can result in the coordinated expression of a set of genes, including VF genes, whose products bear little or no apparent functional relationship. These data collectively suggest that the presence of genes associated with strains causing UTI may not necessarily be involved in the translocation process, but may provide them with an additional capacity to translocate.
In conclusion, our results suggest that septicaemic strains of E. coli originating from the urinary tract are genetically related to each other and carried more VF genes. However, they were clonally different from strains translocating from other sources, such as the GI tract. In our study, strains belonging to phylogenetic group B2 and harbouring pap genes were more associated with a urinary tract origin of translocation. The fact that septicaemic strains belonging to non-B2 groups carried far less VF genes than B2 strains may indicate that these strains may possess VF genes necessary for translocation but which are different from those carried by group B2 strains. If this is true, it can be concluded that these strains may belong to a new E. coli pathotype, as postulated by others [18] .
